I present several scenarios developed in Zagreb, in which TeV-scale particles belonging to non-trivial weak-isospin multiplets give rise to neutrino-mass mechanisms different from conventional type I, II and III seesaw models. Two dim 9 tree-level mechanisms, presented first, provide an appealing testability of their exotic TeV-scale particles at the LHC. These models are not genuine, since their particles also provide competing dim 5 loop contributions. The loop-models presented next are genuine, without competing tree-level contributions. Among them, the three-loop model involves high-order weak multiplets leading to Landau poles. The one-loop model with scalar triplet as the largest multiplet, in addition to good UV properties, provides the particle set promising for gauge coupling unification. Therefore, it served us as a starting point for a study of SU(5) embedding of additional particles leading to viable unification scenarios. To distinguish among them begs for additional principle which reigns over particle completion and eventual dark matter considerations.
Completing the empty places in Periodic Tables
This year, as International Year of Periodic Table (IYPT 2019) , marks the 150th anniversary of the Mendeleev's arranging of the elements in progression of their atomic weights in the columns and the family likeness in the rows of his Periodic Table (left side in Table 1 ). This arrangement was followed by two historical subsequent steps. First, the empty places in table invited a search for the missing elements. The next, revolutionary shift of a focus from atomic weight to atomic number (the number of electrons in its atoms), revealed that the atom is put together by its subatomic pieces. A discovery of the first of them, the electron, by J.J. Thomson in 1897, marks a birth of particle physics as a new science.
In 2012, the CERN experiments confirmed the spin zero particle corresponding to the longsought Higgs boson of the Standard Model (SM). In this way a sort of the present day "periodic table" of the subatomic world (right side in Table 1 ) has been established. At same time, the scalar field column therein is exposed to a program of further Higgs identification, and the neutrino raw seems to offer empty places which invite for an extension of the SM particle content. Thereby, [1] ). On the right: the Standard Model "Periodic Table" (adapted from [2] ).
the lightness of the neutrinos and the lightness of the Higgs boson stand as prominent landmarks in the landscape of possible SM extensions. In fact, the best motivated new particles appear in attempts to explain small neutrino masses.
In the most popular, seesaw model attempts, the extremely small masses of neutrinos arise on account of their inverse proportionality to large masses of new, yet to be discovered particles. In the simplest, Type I seesaw model [3] , new heavy particles are singlets under the Standard Model group SU(2) c × SU(2) L × U(1) Y which are responsible for active neutrino oscillations [2] . Still, devoid of SM charges they are sterile (do not feel SM forces) and resemble the elusive dark matter. The less elusive seesaw mediators with nontrivial electroweak charges are introduced in the remaining two [4] tree-level canonical seesaw mechanisms, dubbed the type II [5] and type III [6] . Their respective scalar triplet and fermion triplet seesaw mediators allow for usual gauge invariant interactions with the SM doublet states. Integrated out, these mediators provide the Weinberg [7] dimension five operator LLHH as the lowest non-renormalizable operator that can be constructed with only SM fields. It violates the lepton number by two units, and the observed smallness of the neutrino masses can be attributed to to large masses M ∼ 10 14 GeV of the seesaw mediators. The masses of active neutrinos percolate down from the corresponding high scale of lepton number violation (LNV) that may be linked to the point of SM gauge coupling unification hinted first within SU(5) Grand Unified Theory (GUT) of Georgi and Glashow [8] . Notably, the SU(5) group provides also successful unification of the SM matter, shown in Table 2 . However, in attempts to explain neutrino masses, this SM matter piece would be extended by additional BSM fields, which may open some higher SU(5) representations.
The novel tree-level and loop-level neutrino models proposed in Zagreb rely on TeV-scale particles testable at the LHC. Sec. 2 presents two mutually similar dim 9 tree-level neutrino mass models, and Sec. 3 reviews two complementary loop-level models. In Sec. 4 we dwell [9] ), completing the sum 5 F ⊕ 10 F of two lowest SU(5) representations (right, adapted from [10] ).
further on the one-loop model states which satisfy the conditions of perturbativity and vacuum stability, and turn out to be promising for gauge unification. The viable scenarios of SU(5) embedding call for additional colored states, as an additional piece of the UV completion of SM "Periodic Table' s" states.
Two dim 9 Seesaw Models
For simplicity, we dub the two models as the "type IV" model employing the custodial scalar quartet fields, and the "type V" model employing the Majorana quintet seesaw mediator. In general, the exotic particles belonging to higher weak multiplets would be related to dimension d = 5 + 2n operators (LLHH)(HH) n studied in [11] . The corresponding light neutrino mass is given by the seesaw formula
GeV is the vev of the SM higgs. Accordingly, dimension nine operators have an appeal to involve TeV-scale new particles, which are within the discovery reach of the LHC, and to develop the models at hand.
Model with Dirac Quintuplet and Custodial Scalar Quartets
The "type IV", dim 9 mechanism, has been introduced in [12] and further studied in [13] . We compare its particle content to those of three canonical dim 5 mechanisms in Table 3 . The three generations of SM leptons L L and l R are completed with n Σ vectorlike quintuplets with hypercharge two, Σ L,R ∼ (1, 5, 2). Also, the SM Higgs doublet H is completed with two additional 
H , respectively. Consequently, in case of degenerate vevs v Φ 1 = v Φ 2 these two quartets form a custodial pair, as a generalization of the well studied custodial triplet from the Georgi-Machacek model [14] .
Neutrino masses
Gauge invariant Lagrangian containing the Yukawa term in 
Production and decays of Dirac quintuplet leptons at the LHC The production channels of the heavy quintuplet leptons in proton-proton collisions are dominated by the quark-antiquark annihilation, q +q → A → Σ +Σ , , (A = γ, Z, W ± ), and are determined entirely by gauge couplings of neutral and charged gauge bosons. By testing the heavy lepton production cross sections one can hope to identify the quantum numbers of Dirac quintuplet particles, but in order to confirm their relation to neutrinos one has to study their decays. Provided that the exotic scalar states are slightly heavier than the exotic leptons, the exotic scalars will not appear in the final states in heavy lepton decays. Thereby we distinguish the following classes: Pointlike decays to gauge bosons and SM leptons, experienced by four lowest states out of the five Σ-states properly ordered in Eq. (1). Among them, the same-sign dilepton events represent a distinguished signature at the LHC. On the other hand, the triply-charged Σ +++ state has other interesting decays: 
On the same figure we plot the partial widths for other decays of Σ +++ . A mere nonobservance of triply-charged Dirac fermions may put in a forefront a Majorana quintuplet from our second dim 9 model. 
Comparison of the partial decay widths of Σ +++ Dirac quintuplet lepton in dependence of heavy quintuplet mass M Σ .
Model with Majorana Quintuplets
This model [15] adds to SM fermions three generations of hypercharge zero lepton quintuplets
contains is the Yukawa-coupling matrix Y and the mass matrix M for two charged Dirac fermions and one neutral Majorana fermion
Assuming real quartic couplings, the scalar potential has the gauge invariant form
Here, the presence of the λ 4 term leads to the induced vev
Neutrino masses
The Yukawa couplings in Eq. (7) and the vev v Φ generate a Dirac mass term connecting ν L and Σ 0 R , a nondiagonal entry in the mass matrix for neutral leptons given by
After diagonalizing this mass matrix the light neutrinos acquire the Majorana mass contribution corresponding to tree-level diagram displayed on LHS of Fig. 3 . Simultaneously, the quartic λ 5 term in Eq. (9) generates the one-loop diagram displayed on RHS of Fig. 3 . These two
Tree-level diagram corresponding to dimension-nine operator and one-loop diagrams corresponding to dimension-five operator.
contributions added together give the light neutrino mass matrix
In Fig. 4 we distinguish the parts of the parameter space for which the tree-level (loop-level) contribution dominates. Generally, the loop contribution dominates for TeV-scale exotic scalars.
Production and decays of Majorana quintuplet leptons at the LHC
The production channels of heavy quintuplet leptons in proton-proton collisions studied in Ref. [15] are dominated by the quark-antiquark annihilation via neutral and charged gauge bosons.
In order to confirm the relation of the quintuplet particles to neutrinos, their decays have also been studied in [15] , including the monitoring Higgs diphoton-decay and Higgs to Z-photon decay, induced by doubly-charged scalars.
The distinctive decay signatures could come from doubly-charged Σ ++ and Σ ++ components of the fermionic quintuplets. The signals which are good for the discovery correspond to relatively high signal rate and small SM background. Two promising classes of events contain Σ + decaying to e + or µ + lepton and Z 0 → ( + − , qq) resonance helping in Σ + identification:
the LNV event with the same-sign dilepton state, which is nonexistent in the SM and thus devoid of the SM background; having relatively high signal rate which exceeds the SM background. Let us note that presented tree-level dim 9, "Type IV" and "Type V" mechanisms are not genuine, since they develop lower dim 5 loop contributions. On the other hand, we will present in next section two genuine loop mechanisms which are free from competing tree-level contributions, without need to forbid them by some ad hoc symmetry.
Two Genuine Loop Models
After discovery of a Higgs-like 125 GeV particle [16, 17] , the present data allow it to be just a detected part of an extended Standard Model (SM) Higgs sector. Additional Higgs candidates have been proposed in extensions of the SM Higgs sector aimed at generating neutrino masses at the loop level. We study a possible appearance of a Higgs partner in the context of beyond-SM (BSM) fields which appear in two different genuine models of radiative neutrino masses, displayed in Table 4 : The one-loop neutrino mass model [18] with minimal BSM representations, providing the neutral component of a real scalar field ∆ in the adjoint representation of the SU (2) L as the Higgs relative; The three-loop neutrino mass model [19] with exotic BSM representations, where the Higgs partner emerges in the form of the heavy CP-even neutral scalar field in the framework of the two-Higgs-doublet model (2HDM) [20] . Since the extra scalar states affect the ultra-violet (UV) behavior of a given model, such states cannot come alone or with arbitrary coupling. Previous accounts [21] and [22] up to Planck scale for a sole second Higgs doublet or an additional Higgs triplet, respectively. The present study considers such extra scalars in the setup [18] and [19] decorated with additional fields required to close respective neutrino mass loop diagrams. The presence of extra vector-like leptons makes both radiative models to belong to generic setup [23] which enables identification of regions of model parameter space for which the particular cascade decays may reveal the Higgs partners.
The one-loop model
The first mass model [18] in our focus is displayed on LHS in Table 4 . It is a variant of the one-loop model by Zee [24] : The charged scalar singlet h + ∼ (1, 2) from Zee's loop-diagram has been kept, while Zee's second Higgs doublet has been replaced by hypercharge zero triplet scalar field ∆ ∼ (3, 0) in conjunction with the vector-like lepton E R,L ∼ (2, −1) in three generations. This model has an appeal to invoke low non-singlet weak representations and to be free of imposing additional ad hoc Z 2 symmetry to eliminate the tree-level contribution. This allows a mixing of the triplet scalar field with the SM Higgs field and its participation in electroweak symmetry breaking (EWSB). The gauge invariant scalar potential contains new quartic terms
and the trilinear µ term. Without imposing Z 2 symmetry the µ term leads to an induced VEV ∆ 0 for the neutral triplet component, which is constrained by electroweak measurements to be smaller than a few GeV. The neutrino mass matrix obtained from an effective operator displayed in Table 4 is proportional to λ 7 coupling in Eq. (12),
Assuming the mass values m E ∼ m ∆ + ∼ m h + ∼ 400 GeV, the neutrino masses m ν ∼ 0.1 eV can be generated for appropriate Yukawa couplings and for λ 7 coupling in (12) of the order of 10 −4 [18] .
The three-loop model
The second mass model [19] in our focus is based on the three-loop diagram displayed on the RHS in Table 4 . Notably, this model contains 2HDM sector augmented by exotic fields needed to close the three-loop mass diagram: the complex scalar pentuplet Φ and a real scalar septuplet χ, in conjunction with vector-like lepton Σ R,L ∼ (5, 0). Since Φ and χ fields do not form renormalizable gauge invariant couplings with SM fermions, there is no need for an additional symmetry to eliminate the tree-level neutrino mass contributions. Moreover, the model is fortuitously scotogenic [19] : a standard discreteZ 2 symmetry imposed to produce a natural flavour conservation in 2HDM results in accidental Z 2 odd parity of its BSM sector shown in Table 5 . On account of it, the lightest among the three generations (α = 1, 2, 3) of exotic real fermions Σ α ∼ (5, 0) may be a viable minimal dark matter (MDM) [25] candidate. Out of four different ways the Higgs doublets are conventionally assigned charges under aZ 2 symmetry [26] , we have adopted the "lepton-specific" (Type X or Type IV) 2HDM implemented originally in [27, 28] . The ratio of VEVs of 2HDM fields H 1,2 ∼ (2, 1) is given by tanβ = v 1 /v 2 . The fields H 1,2 are expressed in standard way in terms of physical charged scalars H ± and two CP-even neutral states h and H which mix with the angle α, and are proposed to be the SM-like Higgs h(125) and its heavier relative H.
The most general CP-conserving 2HDM potential V (H 1 , H 2 ) presented in [19] is conventionally expressed in terms of five quartic couplings λ 1 to λ 5 which can be traded for the four physical Higgs boson masses and the mixing parameter sin(β − α). The full scalar potential contains additional gauge invariant pieces for additional exotic scalar fields Φ ∼ (5, −2) and χ ∼ (7, 0) (H 1 , H 2 , Φ, χ) .
The EWSB inZ 2 -symmetric quartic term V m (H 1 , H 2 , Φ, χ) 
where the coefficient C α ij comprises the vertex coupling strengths
and the loop integral is represented by function F ,
where B 1 denotes the Passarino-Veltman function for one-loop integrals [29] . This produces small neutrino masses with non-suppressed couplings: the values of O(1) for the quartic κ and the appropriate Yukawa couplings easily reproduce neutrino masses m ν ∼ 0.1 eV.
Vacuum stability and perturbativity
It is in order to address the UV behavior of these two complementary loop scenarios. A summary of the detailed outcome of the minimal one-loop scenario with a Higgs partner from extra adjoint representation is presented in the first row in Table 6 . It is contrasted to a more baroque threeloop model based on a Higgs partner from 2HDM sector in the second row in Table 6 . Notably, the three-loop model is under a well known threat that invoking large multiplets [25] leads to Landau poles (LP) considerably below the Planck scale. For the SU (2) L gauge coupling g 2 , this threat has been addressed in [31] . An exposure to additional scrutiny presented in [30] shows that this LP appears around 10 6 GeV. As for the quartic couplings, the focus there has been on the "mixed" scalar couplings which might lead to observable diphoton signal, and the negative values for some of them might endanger the stability of the scalar potential and perturbative control over the model. These quartic couplings can be read from two scalar potentials contained in (14) :
From the the dominant contribution to the 1-loop beta functions of the mixed quartics x = τ 1,2 and y = σ 1,2 given in [32] :
the mixed quartics develop LP ∼ 10 6 GeV together with the g 2 coupling. The appearance of ∼ 10 6 GeV Landau pole (LP) for the SU(2) L gauge coupling g 2 [31] eliminates the three-loop model from a unification framework. In contrast, as demonstrated in [30] , the one-loop model which we will call the BPR model, exhibits, in addition to the absence of LP, the perturbativity and stability up to the Planck scale. Moreover, the above requirements with respect to Yukawa and quartic couplings may remain valid also when including extra color octet or color sextet scalar fields [34] . As shown in [33] , adding these fields may be crucial to achieve the proper gauge unification. 
Let us recall how new fields from neutrino-mass models have been employed to the gauge coupling unification hinted first within the SU(5) GUT. After realizing that there is no single gauge coupling crossing in the simplest SU(5) GUT, it was noticed that augmenting the SM by a second Higgs doublet and the corresponding supersymmetric (SUSY) partners enables a successful unification [35] in minimal SUSY SM (MSSM). A decisive role [36] of the incomplete (split) irreducible representations (irreps) 5 H in the MSSM unification success, motivated numerous non-SUSY attempts to cure the crossing problem with just six copies of the SM Higgs doublet field.
First studies of unification in the context of non-SUSY SU(5) GUTs employed incomplete SU(5) irreps corresponding to states belonging to tree-level seesaw models. The studies in [37, 38, 39] employed adjoint SU(5) representation 24 F which contains both the fermion singlet and the TeV-scale fermion triplet fields providing a low scale hybrid of type-I and type-III seesaw models. Similarly, Refs. [40, 41, 42] employed 15 S SU(5) representation with the TeV-scale complex scalar triplet, employed in the type-II seesaw mechanism. The genuine one-loop model proposed by Zee [24] has introduced only new scalar fields, the charged singlet and the second complex doublet. An embedding of original Zee model in renormalizable non-SUSY SU(5) setup has been studied in [43] . Here we turn to BPR [18] variant of Zee model which offers additional vectorlike doublet and the scalar triplet as the largest weak representation. Notably, 
r k the SM gauge coupling β coefficients
where the threshold weight factor of BSM state k is defined as
Then, the unification condition α 1 (M GUT ) = α 2 (M GUT ) = α 3 (M GUT ) ≡ α GUT , expressed in the form of the B-test [44, 45] ,
yields the numerical value 0.718 for the constants at m Z scale [46] , different from the SM value 0.528. Also, since the expression for the GUT scale
yields the value M GUT = 10 13 GeV, additional BSM states are needed to increase the unification scale up to at least 5 × 10
15 GeV, consistent with the proton lifetime bounds [47] . Let us notice the BSM states from the one-loop neutrino mass model at hand came as if on cue for an alternative non-super-symmetric GUT attempt. Namely, the additional scalars shown in Table 7 , when summed, produce the effect of the vector-like fermion doublet from the last raw in this table. Consequently, taking all BPR states close to the electroweak scale (weight factors from Eq. (20) being r k ∼ 1), the SM B-test value 0.528 increases to B 23 /B 12 = 0.974, overshooting the required value 0.718 from Eq. (21) . This stems from three copies of BPR vector-like lepton doublets, which actually double the RGE effect of previously mentioned six 
Viable unification scenarios
Since the unification with the Standard Model (SM) Higgs doublet restricted to irrep 5 H failed, the next attempt in [33] proceeded with the SM Higgs in a mixture of 5 H and 45 H . As a bonus, the 45 H irrep enables to account for the GUT fermion mass relations by implementing the GeorgiJarlskog mechanism [48] . The β coefficients of the extra states from scalar 45 H can be found in Table 9 , which should be added to states in Table 8 to obtain a complete embedding of the SM Higgs and the BPR states into SU(5) multiplets. This opens immense unification possibilities which have been restricted by imposing a set of plausible criteria detailed in [33] . A search algorithm developed there has selected seven successful scenarios listed in Table 10 . In all of them, a light colored scalar (8, 2, 1/2) provided by 45 H plays a decisive role.
For the alternative choice of the SM Higgs belonging to 70 H instead to 45 H , our search algorithm selects four scenarios (A1, A3, A4 and A6) from Table 10 , and allows for three additional scenarios presented in [33] . Thereby, we have explicitly excluded representation (15, 1, −1/3) which leads to Landau poles below M GUT , unless it is heavier than 10 7 GeV [34] so that its effect on the RG running would be diminished.
Notably, in these additional scenarios the BPR vector-like leptons are assigned to complete irrep 5 F , that do not affect the RGE running. Since in these latter scenarios only the scalar SU (5) irreps are incomplete, an eventual verification of them would be in support of a conjecture in [49] which is based on embedding SM Higgs into 5 H , that such splitting could be an inherent feature of the scalar multiplets.
To conclude, in our procedure of renormalizable SU(5) embedding, the colorless BPR particles employed in the neutrino mass model get accompanied by the colored partners to enable a successful unification. We decide to keep sufficiently heavy those among the colored leptoquark scalars which present a threat to proton stability, and the other colored states may play a modelmonitoring role both through the LHC phenomenology [44, 45] and through tests at Super(and future Hyper)-Kamiokande [47] experiments.
We also point out that in most of the allowed parameter space the color octet scalar (8, 2, 1/2) is the most promising BSM state for the LHC searches, and as such is studied already in [43] . Additional colored states in the specific gauge unification scenarios in Table 10 call for a study of characteristic exotic signals at the LHC, in order to make these specific models falsifiable.
Further Directions
The need for neutrino masses modifies minimal "old" SM to some new "νSM", where, in order to understand the lightness of active neutrinos, one commonly introduces new heavy degrees of freedom. While no evidence for such new particles has been found so far at the LHC, evidences from astrophysics and cosmology point at 23% of the energy density of the Universe provided by DM candidates such as heavy neutrino-like weakly interacting massive particles (WIMPs).
Bearing in mind an accidental stability of our ordinary matter, it is possible that a DM setup is also accidentally stable. The so-called minimal dark matter model (MDM) [25] with single aDM particle is probably the simplest such scenario. In this setup the stability can be guaranteed for a neutral component of a large enough fermion or scalar SU (2) L multiplet, which can not form SU (2) L invariant renormalizable (or dimension-five) interaction-terms with the SM multiplets. Since the neutral (DM) component cannot have the tree-level interactions to the Z boson, both the hypercharge Y and the isospin-component T 3 must vanish. This is possible only for odd multiplets: fermion quintuplet or higher, and scalar septuplet or higher. When employing the fermion quintuplets as seesaw mediators, like in two models presented at the beginning, they are in conjunction with appropriate scalar quadruplets. This destroys the stability of MDM Majorana quintuplet from Sec. 2.2, unless additional protecting symmetry is assumed. By imposing the discrete Z 2 symmetry, the mass of Σ 0 , as the DM particle, is fixed by the relic abundance to the value [25] M Σ ≈ 10 TeV. In Sec. 2.2 the loop contribution predominates, and the choice λ 5 = 10 −7 gives enough suppression to lead to small neutrino masses with large Yukawas, Y ∼ 0.1. In this part of the parameter space the model could have interesting LFV effects studied in [50] .
However, high-order SM multiplets are not compatible with the gauge unification. Lower multiplets belonging to a studied non-scotogenic variant of the BPR model have resulted in a list of viable unification scenarios. Thereby, the split SU(5) multiplets are inevitable. The deduced particle sets which may provide gauge unification generalize the fine-tuned anomaly-free set of ordinary SM particles. It is tempting to impose a DM mission on the one-loop model at hand. In fact, its scotogenic variant has been in focus of the BPR paper [18] on the trace of the original scotogenic model [51] followed by the new scotogenic model [52] where, an othervise imposed DM protecting symmetry, would be a remnant of an underlying gauge symmetry. The program of gauge unification would acquire entirely new form in the context of DM species providing new force carriers.
To conclude, we adopted a non-supersymmetric GUT context devoid of naturalness as a guiding principle for an UV completion. Instead, we rely on incomplete multiplets as a generic feature of the scalar sector, related to gauge unification. Regarding the uniqueness of the unification solution, it would be welcome to possess a monitoring principle controlling possible UV completions. In fact, a candidate for such principle has been in focus of Hvar 2018 workshop, known under the name of "asymptotic safety" [53] . It spells yet unconfirmed hope that quantumgravity fluctuations may induce the asymptotically safe fixed point, controlling UV completions of the SM [54] with or without DM [55] particle species.
